The defects due to extrusion strengths and the temperature dependent deformities for low carbon stainless steel (STS 316L) were investigated using positron annihilation spectroscopy. The defects were restored after tempering at 700 °C. The gradients of the peak on the positron annihilation lifetime spectrum for a sample annealed at 700 °C is increased compared to the as extruded sample. In addition, we calculated the trapping rate and bulk lifetime based on the theoretical model. Both values are decreased, as the extrusion strengths are reduced. All annealed samples showed reduced trapping rate and bulk lifetime, comparing with as extruded samples.
Introduction
Low carbon stainless steel (STS 316L) is widely used as a main structural material including nuclear facilities because it has strong corrosion resistance, high strength, good ductility, and distinct ductile-brittle transition behavior [1] . The addition of molybdenum provides greater corrosion resistance than 304, 316L grade is the low carbon version of 316 stainless steel [1] . This material can be applied to the most structural components of nuclear facilities. For example, the ITER (International Thermonuclear Experimental Reactor) used this metal in the vacuum vessel, back plate, blanket, components of cryostat, etc [2] .
There are several methods for identifying defects on thin surfaces, such as scanning electron microscope (SEM), transmission electron microscope (TEM), X-ray scatting, and scanning tunneling microscope (STM), atomic force microscope (AFM), and positron annihilation spectroscopy (PAS). Among them, PAS is known as a method for identifying microstructures at the thinnest depths using positrons as a probe [3] . The radioisotope (RI) used PAS system gives us many information of material such as the presence of defects, the structural changes, and the dislocations of molecules, etc. The conventional RI-PAS is based on the information of the radiation that occurs when it is trapped and annihilated in an incomplete location, such as vacancy or dislocation. It is released from a commonly used positron source of sodium-22 ( 22 Na) with maximum energy values of 542 keV positron and 1.27 MeV for gamma rays (γ-rays), respectively. The positron lifetime is determined using the time difference between the initial decay time of γ-rays with 1.27 MeV, and the time of emitted γ-rays with 511 keV after annihilation.
In this study, we performed PALS to figure out the defects and deformities in STS 316L, which are currently used as a major material for nuclear facilities. We identified the defects for STS 316Ls prepared at different extruded strengths and annealing temperature.
Experimental

Examined material and measurement
The chemical composition of STS 316L is shown in Table 1 . The samples prepared at different extrusion pressure (hot rolling). The samples are prepared using two steps of hot-rolling and tempering (annealing) at 700 °C. The 1T and 4T means thickness of STS 316L plate after hot-rolling. Here, T means unit of 1 mm. The thinner thickness of extruded samples, the higher pressure is supplied to samples. We also cut and polished the samples for the measurement of RI-PAS. We also compare the results of PALS for samples both with and without tempering. All samples show saturated defect structure due to hot rolling (treatment of the extremely high press and stress).
Positron source ( 22 Na) is deposited on the thin Nifoil. The foil was folded after deposition. The sandwich type of source is not directly contact with the samples. The 22 NaCl solution was dropped using the pipette and wrapped on the thin Nickel foil with a thickness of 2.5 μm. The radioactivity of the 22 Na source is 50 μCi (about 1.85 MBq), which is equivalent to about 55 counts/s MBq. The source produced is placed between the samples, and the size is 8 × 8 mm 2 . The detector was consisted of two BaF 2 scintillators attatched to each photomultiplier tube. The scintillaor has cone shape. Base diameter is 25.4 mm, top diameter is 6.4 mm, height is 25.4 mm.
Measurement procedure and analysis spectrum
The lifetime spectrum consists of a sum of decaying exponentials, each of which may be broadened by convolution with a log-normal distribution. We used the PALSfit3 software package to analyze this lifetime spectrum [4] . Through this, we could obtain two lifetime components of the STS 316L samples. In this study, the time resolution was calculated by using the RESOLUTIONfit of PALS-fit3, whose value was almost constant in the four spectra, from 250 to 260 ps. Measurements were performed at room temperature . About 3 × 10 6 counts were accumulated for each sample during 5 h. Of these 200 to 500 counts were removed as background depending on the spectrum of each sample.
Results
Pals
In PALS, the number of lifetime components is determined on the basis of the trapping model. For metal, a theoretical trapping model consisting of two lifetime components (τ 1 and τ 2 ) was used for positron lifetime spectra analysis [5] . The shorter lifetime, τ 1 , was explicitly smaller than that of the mono-vacancy, which indicated that β + was annihilated by deformation-induced dislocations and vacancy-impurity complexes. The appearance of a longer lifetime, τ 2 , implied that large-sized vacancy clusters composed of five to ten vacancies were produced as a result of a manufacturing process. Figures 1, 2, 3 and 4 shows the fitted spectrum deconvoluted with the τ 1 and τ 2 of each sample and residual plot in POSITRONfit, which is one of the modules in PALSfit3. In each analysis, the value of χ 2 /dof was smaller than 2. This value is obtained by repeatedly changing the fitting parameters to produce the smallest Chi-square value in all channels. Table 2 lists specific values of χ 2 /dof for each sample.
The positron lifetime of STS 316L related to the bulk status and monovacancy is known to be about 105 ps and 180 ps, respectively, which is similar to pure Fe [6] . The mean lifetime of the 4T_700 sample considered to be the least defective of the samples used in this study was 199 ps, which was similar to that of monovacancy. When comparing the samples under the same temperature conditions, the gradients of the 4T samples were increased (e.g., the average lifetime was shorter). This would indicate that the 1T samples received more strain fatigue than the 4T samples. For the 4T and 4T_700 samples, the shorter lifetime component was τ 1 = 172 ps and 136 ps, with I 1 = 87% and 84%. The longer lifetime component was τ 2 = 636 ps and 535 ps, with I 2 = 13% and 16% for each sample. For the 1T and 1T_700 samples, the shorter lifetime component was τ 1 = 167 ps and 140 ps, with I 1 = 83% and 82%. The longer lifetime component was τ 2 = 600 ps and 513 ps, with I 2 = 17% and 18% for each sample.
The gradient of 1T after the peak of the graph was less than those of 4T. This means that lifetime components of 1T were longer than those of 4T. The mean lifetime, which was calculated by reflecting the lifetime components, had its intensity decrease from 240 to 231 ps for 1T and 4T, respectively. The same trend was observed in the annealed samples. This can be attributed to the structural deformation as a result of the extrusion manufacturing process. With the same thickness, the gradient after the peak on the graph for the annealed sample Figure 5 show the results of the positron annihilation lifetime and its intensity according to the thickness and annealing temperature.
Calculation of the bulk lifetime and trapping rate
In general, the trapping model is applied to analyze the defect information by using the lifetime components of the spectra obtained experimentally. In this study, the "one defect type" model was chosen. This model is mainly applied to the PALS of metals and describes the simplest positron trap with the two lifetime components (τ 1 , τ 2 ) in single open-volume defect types, such as vacancy [5, 7] . The positron is annihilated with the rate of λ b in the bulk, and if the concentration of the openvolume defect is sufficiently large, the positron will be trapped to any ratio in the sample. The equation for obtaining the trapping rate (κ d ), bulk lifetime (τ b ) from the theoretical model is as follows [5] :
Fig. 1 Fitting spectrum and residual plot of 4T_700 sample
The positron capture rate in metals is known to be affected by temperature, and its propensity varies depending on the type of material [8, 9] . It is known that the positron trapping rate of transition metals such as zinc saturate at certain temperatures [10] . In this study, the trapping rate was shown to be rather high in the annealed sample. The measured positron lifetimes, the calculated trapping rate, and the bulk lifetime are listed in Table 2 . Figure 6 show the calculated trapping rate and bulk lifetime compared with the pure Fe monovacancy lifetime.
Discussion
In this study, it was assumed that the amount of defects may have decreased in samples that underwent annealing at 700 °C. Yabuuchi's study suggests that the longer lifetime component (τ 2 ) associated with defects in all STS 316L specimens does not increase during annealing [6] . This means that annealing is not a major process with regard to the formation of a vacancy cluster. Futhermore, the positron trapping rate of STS 316L is known to decrease sharply at 300 °C [6] . This suggests that there is a temperature at which the defect is recovered above 300 °C. In this regard, Ohkubo's and Dryzek's study found that when annealing is performed from 50 to 650 °C, the shorter lifetime component (τ 1 ) gradually reduces as the temperature increases, and the vacancy type effect induced by rolling deformation is recovered after annealing at around 500 °C [11, 12] . This is consistent with the results of this study. However, not all stainless steels exhibit these defect restoration effects. In addition, when neutrons, electrons, and ions, which are not in the as-received state, are introduced, the effect of defect restoration after annealing is different [13] [14] [15] . Therefore, direct comparison with the results of this experiment can be misleading, so it would be correct to consider the circumstances in which the samples were prepared.
In general, the theoretical trapping model for metals consists of a shorter lifetime (τ 1 ) and a longer lifetime (τ 2 ). In this study, the τ 1 has a value less than the lifetime of the defect corresponding to monovacancy, which means that the positron was annihilated in the vacancy-impurity complex or dislocation induced by deformation. The τ 2 is the lifetime component represented by a large-size vacancy cluster consisting mainly of 5 to 10 vacancies formed during the manufacturing of materials. Materials such as SiC and polymer, which have been studied extensively in recent years, are characterized by their lifetime components being adjacent to each other. In addition, their number is not clear [16] [17] [18] . Therefore, other models should be applied in the analysis. In PALS, there is a limit to the number of lifetime components that can be derived in the spectrum analysis, so it is necessary to select the trapping model depending on the material [4] .
At last, the very long τ 2 value presented in this study may indicate the generation of very large defects or saturated defect structure. Further analysis (e.g., CDBS, SEM, etc.) will be needed to more specifically identify these large size defects.
Conclusions
The installed devices were optimized to reflect the positron annihilation in materials and to obtain an appropriate spectrum. Through this method, we obtained information about the presence of defects and the relative intensities of the defect concentration. The obtained spectra suggest that large sized defects (e.g., dislocation, vacancy clusters, etc.) are produced as a result of the manufacturing process. We have confirmed from the PAS system in this study that the lattice structure changed with the presence of defects due to the temperature and extrusion of the material. In near future, we also set up DBS. If DBS is performed in addition to PALS to determine the validity of this technique, more accurate information such as the structural changes of the material can be obtained. 
